Despite the great interest in identifying protein-protein interactions (PPIs) in biological systems, only a few attempts have been made at large-scale PPI screening in planta. Unlike biochemical assays, bimolecular fluorescence complementation allows visualization of transient and weak PPIs in vivo at subcellular resolution. However, when the non-fluorescent fragments are highly expressed, spontaneous and irreversible selfassembly of the split halves can easily generate false positives. The recently developed tripartite split-GFP system was shown to be a reliable PPI reporter in mammalian and yeast cells. In this study, we adapted this methodology, in combination with the b-estradiol-inducible expression cassette, for the detection of membrane PPIs in planta. Using a transient expression assay by agroinfiltration of Nicotiana benthamiana leaves, we demonstrate the utility of the tripartite split-GFP association in plant cells and affirm that the tripartite split-GFP system yields no spurious background signal even with abundant fusion proteins readily accessible to the compartments of interaction. By validating a few of the Arabidopsis PPIs, including the membrane PPIs implicated in phosphate homeostasis, we proved the fidelity of this assay for detection of PPIs in various cellular compartments in planta. Moreover, the technique combining the tripartite split-GFP association and dual-intein-mediated cleavage of polyprotein precursor is feasible in stably transformed Arabidopsis plants. Our results provide a proof-of-concept implementation of the tripartite split-GFP system as a potential tool for membrane PPI screens in planta.
INTRODUCTION
Analysis of protein-protein interactions (PPIs) is critical for investigating numerous processes within biological systems. Despite its importance, finding a reliable method is one of the most common bottlenecks. Over the past years, the search for novel PPIs has mainly relied on heterologous in vivo systems such as yeast two-hybrid (Y2H), affinity purification coupled with mass spectrometry, protein complementation assays (PCA) or in silico methods (Berggard et al., 2007; Braun et al., 2013; Rao et al., 2014; Xing et al., 2016) . Given that plant membrane proteins are potential key targets for the development of crops with enhanced nutrient-use efficiency and resistance to diverse stresses (Schroeder et al., 2013) , characterizing their interaction partners can foster our understanding of their regulation, thereby advancing our knowledge about how they can be exploited for sustainable agriculture under climate and environmental changes. Although in planta screening approaches that allow for a physiologically relevant interaction environment and proper protein modification are more helpful in terms of minimizing unspecific behaviors, only a few attempts have been made to establish libraryscale screens in planta (Berendzen et al., 2012; Boruc et al., 2010; Lee et al., 2012; Miller et al., 2015) . Moreover, owing to the hydrophobic nature of membrane proteins, biochemical and bioinformatics methods are limited and/or close to saturation for identifying their interaction partners , adding another layer of complexity to understanding their regulation in a physiological sense.
Bimolecular fluorescence complementation (BiFC), one example of a PCA, is a non-invasive fluorescent-based technique that enables direct visualization of the subcellular location of PPIs in living cells (Kerppola, 2008; Kudla and Bock, 2016; Miller et al., 2015; Robida and Kerppola, 2009; Xing et al., 2016) . In principle, BiFC is based on (i) interactions between two proteins that attach two nonfluorescent split protein domains and (ii) subsequent co-folding into the b-barrel structure, resulting in the reconstitution of fluorophore. Given the irreversibility of the assembly of the split-fluorescent protein (FP), the stability of BiFC allows the capture of transient and weak interactions (Magliery et al., 2005; Miller et al., 2015) . The ease of carrying out BiFC experiments with regular epifluorescence or confocal laser scanning microscopes is another advantage of this technique. Nevertheless, there are several pitfalls or limitations described for BiFC: (i) poor real-time detection due to the slow and irreversible formation of the reconstituted fluorescent chromophore, (ii) non-specific interactions when the expression levels of the split fluorescent fragments are high, thus leading to spontaneous self-assembly and accumulated background signals, and (iii) insolubility or aggregation of large split fluorescent fragments that hinder PPIs (Horstman et al., 2014; Kerppola, 2008; Kudla and Bock, 2016; Morell et al., 2009; Miller et al., 2015; Ohad et al., 2007; Xing et al., 2016) Compared with peak-shift GFP (sGFP or GFP5; S65T) and enhanced GFP (EGFP; F64L/S65T), which are widely used in plant science (Brandizzi et al., 2002) , superfolder GFP (sfGFP), which exhibits enhanced folding and maturation efficiency, tolerance of circular permutation and resistance to oxidizing environments (Aronson et al., 2011; Pedelacq et al., 2006) , has only been applied in a small number of plant studies (Fujii and Kodama, 2015; Min et al., 2013) . Nevertheless, transient expression assays using Arabidopsis protoplasts have shown that sfGFP is twice as bright as sGFP and 25% brighter than EGFP (Fujii and Kodama, 2015) . Further comparison analyses also suggested that the fluorescence intensity of sfGFP-based BiFC is the strongest among the five GFP variant-based BiFC systems, revealing an advantage of using split-sfGFP in studying PPIs in planta (Fujii and Kodama, 2015) .
A PPI methodology based on tripartite split-sfGFP association was recently developed to overcome the poor folding and/or the background fluorescence arising from self-assembly observed in BiFC (Cabantous et al., 2013) . The GFP b-strand 10 (S10) and b-strand 11 (S11) are each fused to the N-and the C-terminal of the interaction partners. Once PPI occurs, the S10 and S11 tags are tethered to associate with the GFP1-9 complementary fragment (196 residues), leading to reconstitution of the full-length GFP, which fluoresces. In contrast, without PPI, entropy is too high to allow complementation of the S10, S11 and GFP1-9 fragments (Cabantous et al., 2013) . This assay can detect coiled-coil hetero-dimerization at a concentration corresponding to nearly the dissociation constant of the heterodimer and is even able to distinguish the background fluorescence signal arising from the formation of homodimers at a concentration six orders of magnitude higher (Cabantous et al., 2013) . Moreover, unlike the bulky halves of the fluorescent reporter used in conventional BiFC, the small size of the S10 (20 amino acids) and S11 (19 amino acids) tags imposes a minimal effect on fusion protein behavior and solubility, thus conferring more precise information with regard to the folding and membrane insertion of membrane proteins (Cabantous et al., 2013) . Taking Saccharomyces cerevisiae as a model system, Finnigan et al. (2016) affirmed the capacity of this approach to authentically detect physical PPIs in dynamic cytoskeletal structures during yeast cell budding. When the highly abundant yet non-physiological cytosolic partners are spuriously expressed, tripartite split-sfGFP not only yields minimal-to-undetectable signals but also serves as a molecular ruler to measure the distances between the interaction pair at the nanometer scale (Finnigan et al., 2016) , reinforcing the merit of this method for the detection of PPIs in vivo. In this study, we adapted this tool in combination with a b-estradiol-inducible system that enables modulation of the expression of the tripartite split-sfGFP components, for detecting PPIs in planta, particularly membrane PPIs. Using a transient expression assay by agroinfiltration of tobacco (Nicotiana benthamiana) leaves, we set out to examine the utility of the tripartite split-sfGFP system in plant cells. Given that the minimally tagged S10 and S11 less readily alter the folding and targeting of the membrane fusion protein, we show that the topology of the membrane protein can be faithfully determined by this method. Furthermore, by validating a few of the genuine Arabidopsis PPIs implicated in phosphate (Pi) homeostasis, we prove the fidelity of tripartite split-sfGFP association at the subcellular level in planta.
Moreover, we incorporated the self-excising dual-intein (DI) domain into our tripartite split-sfGFP system to synchronize protein co-expression . We show that the S11-tagged membrane protein, which is N-terminally fused to the DI domain, followed by the detector GFP1-9 can successfully undergo split-sfGFP complementation when the S10-tagged interaction partner is in the vicinity. By generating Arabidopsis transgenic lines expressing the tripartite split-sfGFP components using an inducible monocistronic expression construct, we provide a proof-of-concept implementation of the DI-coupled tripartite split-sfGFP system in stably transformed plants. With the advantage of the low background noise of the tripartite split-sfGFP system and DI-based coordinated protein expression, we envisage that this tool could be used to perform large-scale PPI screens in planta.
RESULTS

Feasibility of tripartite split-sfGFP complementation in planta
As the tripartite split-sfGFP system carries several additional mutations relative to the commonly used GFP variants in planta ( Figure S1 in the online Supporting Information), we first examined whether the reconstituted fulllength tripartite split-sfGFP composed of S10, S11 and GFP1-9, designated as sfGFP OPT, is able to fluoresce in plant cells when transiently expressed in agro-infiltrated tobacco (N. benthamiana) leaves. At 48 h post-infiltration, the expression of sfGFP OPT yielded a comparable fluorescence signal to sGFP under the same pGPTVII-derived regulatory elements (Schl€ ucking et al., 2013) (Figure S2 ). To address the feasibility of tripartite split-sfGFP complementation in planta, we next created a fragment coding for a GFP10-11 b-hairpin flanked by two flexible 10-amino-acid linkers, a multiple cloning site (MCS) region and three hemagglutinin repeats (3 9 HA) (Figure 1a ). To test and modulate the level of gene expression, we introduced the tripartite split-sfGFP system into the constitutive P16ΔS or the b-estradiol-inducible (UBQ10:sXVE or P16ΔS:sXVE) expression cassette (Schl€ ucking et al., 2013) (Table S1 ). After co-infiltration of the S10-3 9 HA-S11 and the GFP1-9 constructs into tobacco leaves, we analyzed the reconstituted fluorescence signal at 72 h post-infiltration, which corresponds to 48 h post-induction for the inducible constructs. Among the four different combinations, the co-expression of S10-3 9 HA-S11 and GFP1-9 under the inducible promoter showed the strongest fluorescence signal and displayed a subcellular localization in the cytosol and nucleus, a pattern that resembled the distribution of free GFP (Figure 1b) , suggesting the utility of the tripartite split-sfGFP system in planta. Of note, irrespective of the constitutive or inducible expression of S10-3 9 HA-S11, b-estradiol induction of the GFP1-9 detector (P16DS:sXVE: GFP1-9) strikingly enhanced split-sfGFP complementation (Figure 1b) , hinting that accessibility of the GFP1-9 b barrel to the GFP10-11 b-hairpin is critical for the effectiveness of fluorophore reconstitution.
To evaluate whether the N-terminal S10 tag and the C-terminal S11 tag may occlude the targeting signal of passenger proteins and thus hamper application of the tripartite split-sfGFP system in plant cells, we generated a set of constructs encoding Arabidopsis thaliana proteins localizing to various subcellular compartments in a S10-POI-S11 (POI, protein of interest) 'sandwich' configuration, namely with the S10 and S11 tags at the N-and C-termini of POI, respectively (Table S2) . In this study, we mainly focused on the proteins implicated in the Pi homeostasis and signaling network. Two nuclear proteins were selected for testing: the Arabidopsis MYB-CC transcription factor PHOSPHATE RESPONSE 1 (PHR1), which binds to the P1BS cis-element widely present in the promoter of Pi starvation-responsive genes (Rubio et al., 2001) , and Arabidopsis SPX1, a Pi-dependent repressor that sequesters AtPHR1 from binding to the promoter region of the regulatory genes (Rubio et al., 2001; Duan et al., 2008; Puga et al., 2014) . When coexpressed with GFP1-9, both the AtPHR1 and AtSPX1 sandwich proteins displayed a characteristic nuclear localization, as previously reported (Figure 1c ), indicating that the S10 and the S11 tags did not interfere with the nuclear translocation of AtPHR1 and AtSPX1 fusions. Next, we examined the sandwich fusion of the ubiquitin-conjugating E2 enzyme AtUBC24/AtPHO2 (PHOSPHATE2), which suppresses the activities of Pi uptake and root-to-shoot Pi translocation (Aung et al., 2006) . Similar to the previous reports (Liu et al., 2012; Huang et al., 2013) , the catalytic defective AtPHO2
C748A sandwich fusion (S10-PHO2 C748A -3 9 HA-S11) mainly localized to the endomembranes (Figure 1c) , indicating that the tendency of S10-PHO2 C748A -3 9 HA-S11 to associate with the endomembrane was not hindered upon complementation with the GFP1-9 detector. Unlike AtPHO2, the Arabidopsis calcium-dependent protein kinase 1 (CPK1), which was previously reported to associate with the peroxisome membranes, displayed a diffusible pattern of cytoplasmic localization when expressed in the sandwich configuration (Dammann et al., 2003) (Figure 1c ). Perhaps the post-translational lipid modification of the Ntermini of AtCPK1, which is required for its membrane attachment (Dammann et al., 2003) , was impaired upon the split-GFP association. As for the Arabidopsis E3 ubiquitin ligase NITROGEN LIMITATION ADAPTION (NLA) mediating the degradation of the plasma membrane Pi transporters , the S10-NLA-S11 fusions showed a dual plasma membrane-nucleus pattern of localization (Figure 1c) , corroborating the earlier conclusion about the dual location of NLA (Peng et al., 2007; Lin et al., 2013) and hinting that it exerts distinct functions by shuttling between the plasma membrane and nucleus.
Determination of membrane protein topology by the tripartite split-sfGFP association
To extend the application of the tripartite split-sfGFP system beyond soluble proteins, we assessed whether the S10 and S11 tags would impede the proper folding and targeting of membrane proteins when expressed in plants.
The Golgi-localized Pi transporters AtPHO1 (PHOSPHATE1) (Slabaugh et al., 2014; Liu et al., 2015; Wege et al., 2016) and AtPHT4;6 (Guo et al., 2008) , the vacuolar Pi transporter AtPHT5;1 (Liu et al., 2015 (Liu et al., , 2016 ) and the plasma membrane-localized aquaporin AtPIP1;4 (Johanson et al., 2001) were chosen for testing (Table S2) . At 48 h post-induction, the sandwich fusions of AtPHO1, AtPHT4;6 and AtPHT5;1 correctly localized to their respective organelles (Slabaugh et al., 2014; Liu et al., 2015; Wege et al., 2016) (Figure 1c ), suggesting that the fusion proteins were properly targeted and their N-and the C-termini were both oriented toward the cytoplasm where the GFP1-9 detector can be encountered ( Figure S3 ). By contrast, the sandwich fusions of AtPIP1;4 were largely retained in the endoplasmic reticulum (ER) ( Figure 1c ). We surmised that the concomitant association of the nascent S10-AtPIP1;4-S11 with GFP1-9 Figure 1 . Implementation of the tripartite split-sfGFP association system in Nicotiana benthamiana leaves.
(a) Schematic design of the S10-3 9 HA-S11 b-hairpin construct. The sXVE:GFPc:Kan construct was used as the backbone for the design. As previously described (Schl€ ucking et al., 2013b) , the sequence of the synthetic XVE (sXVE) fusion protein is followed by pea rbcS E9-3 0 UTR/terminator and LexA operator sequences. The minimal -46 35S promoter drives target gene expression. The transcription is stopped by the NOS terminator. (b) Fluorescence complementation of the S10-3 9 HA-S11 b-hairpin by the expression of cytosolic GFP1-9 under the constitutive or the inducible systems. Merged images of green fluorescence, chlorophyll autofluorescence and bright field channels are shown. Scale bar = 50 lm. All the images were acquired with the same setting. (c) Subcellular localization of the S10-POI-S11 (POI, protein of interest) sandwich fusions of PHR1, SPX1, PHO2 C748A , NLA, CPK1, PHO1, PHT4;6, PHT5;1 and PIP1;4 in the presence of GFP1-9. Merged images of green fluorescence and chlorophyll autofluorescence and bright field channels are shown. Scale bar = 20 lm. The localization patterns of the sandwich fusions shown here are all consistent across at least three independent experiments with observations of more than 100 pavement cells each. (d) Chloroplast localization of the sandwich fusions of CURT1A and TPT. Co-expression of CURT1A and TPT sandwich fusions with stroma-targeted GFP1-9 (cTP-GFP1-9). Images of green fluorescence, chlorophyll autofluorescence and the merged bright field channels are shown. Scale bars: 20 lm in the top panel and 10 lm in the lower panels. Note the distinct patterns of the thylakoid membrane-localized CURT1A and the inner envelope-localized TPT sandwich fusions in the magnified images in the lower panels.
in the early biosynthetic pathway may hinder post-translational modification of the AtPIP1;4 sandwich ( Figure S3 ), which is required for its plasma membrane targeting (Santoni et al., 2006) .
Most of the nuclear-encoded chloroplast proteins contain a transit peptide necessary and sufficient for targeting the precursor into chloroplasts (Flores-P erez and Jarvis, 2013). To ensure the utility of the tripartite split-sfGFP system in the chloroplast as well, we took the thylakoid membrane-localized CURVATURE THYLAKOID1A (CURT1A) (Armbruster et al., 2013) and the chloroplast inner envelope-localized triose-Pi/Pi translocator (TPT) as examples. AtCURT1A harbors a putative N-terminal chloroplast transit peptide (N1-62) followed by two transmembrane domains with N-and C-terminal tails located towards the stromal side (Armbruster et al., 2013) . We inserted the S10 tag at the C-terminal of the putative transit peptide of AtCURT1A, designated as cTP(CURT1A)-S10-mCURT1A-S11 (Table S2) , and assumed that upon cleavage of the chloroplast transit peptide the mature AtCURT1A sandwich fusions would be accurately detected in the thylakoid membrane. As for AtTPT, the S10 tag was placed after the putative transit peptide (Silva-Filho et al., 1997) (Table S2) . To deliver GFP1-9 to the stroma of chloroplasts, we fused the AtRecA-derived transit peptide (N1-89) to the N-terminal of GFP1-9 (Kohler et al., 1997) , resulting in the chloroplast-targeting GFP1-9 (cTP-GFP1-9) (Table S1 ). Upon induction, the association of cTP-GFP1-9 with the mature AtCURT1A and the mature AtTPT sandwich gave rise to GFP signals that co-localized to the chlorophyll autofluorescence with different patterns, corresponding to the thylakoid membrane and the inner envelope, respectively (Figure 1d ). Collectively, our results suggested that the tripartite split-sfGFP system is attainable for membrane proteins destined for different subcellular compartments in plant cells and also serves as a reliable method for determining their topology.
Validating the tripartite split-sfGFP-based protein-protein interactions in planta
To test the efficacy of the tripartite split-sfGFP system for the detection of authentic PPIs in planta we attempted to analyze a series of known plant PPI pairs (Table S3) . First, we co-infiltrated three constructs encoding S10-3 9 HA, 3 9 HA-S11 and GFP1-9 in tobacco leaves to evaluate the background signal in a time-course-dependent manner. Even up to 96 h post-induction, which corresponds to 5 days post-infiltration, we could not detect any green fluorescence signal in the epidermal cells ( Figure S4a ), suggesting that high-level co-expression of S10, S11 and GFP1-9 does not lead to split-sfGFP self-assembly.
Next we assessed the capacity of the tripartite splitsfGFP system to detect protein dimerization or oligomerization in planta. AtPHR1 was previously shown to exert its binding activity as a dimer in DNA-binding assays (Rubio et al., 2001) . When the constructs encoding S10-AtPHR1-3 9 HA, AtPHR1-3 9 HA-S11 and GFP1-9 were coexpressed in tobacco leaves, a strong fluorescent signal was detected in the nucleus (Figure 2a) . Interestingly, like the rice OsSPX3 and OsSPX5 proteins (Shi et al., 2014) , AtSPX1 was also able to form a homodimer or multimer (Figure 2a) . Consistent with the previous finding that AtSPX1 negatively regulates Pi starvation-induced genes through its interaction with AtPHR1 (Puga et al., 2014) , AtSPX1 was able to interact with AtPHR1 following coexpression, irrespective of the tag orientation (Figure 2a) . In contrast, no signal was detected in the negative controls in which S10-3 9 HA, 3 9 HA-S11 or the nuclear-localized NLS-3 9 HA-S11 was co-expressed with AtSPX1 or AtPHR1 (Figures 2a and S4b) (Kalderon et al., 1984) .
To substantiate the potential of tripartite split-sfGFP complementation in detecting the endomembrane PPIs in planta, we examined the interacting pair AtPHO1 and AtPHO2. Upon induction, the interaction of AtPHO1 and AtPHO2 using the tripartite split-GFP assay gave rise to a more robust signal compared with the conventional BiFC method (Liu et al., 2012) (Figure 2b ). While the negative controls consisting of the combination of S10-AtPHO2 C748A -3 9 HA and the ER-localized SYP72-3 9 HA-S11, S10-AtPHO2 C748A -3 9 HA and 3 9 HA-S11, or S10-3 9 HA and AtPHO2 C748A -3 9 HA-S11, did not produce fluorescence signals (Figure S4c ), the co-expression of cYFP-AtPHO2 C748A with the empty vector nYFP easily resulted in false-positive signals as revealed by protein aggregates ( Figure S5 ). The Golgi-localized GDP-mannose transporter AtGONST1 was previously identified as an AtPHO1-interacting protein using the yeast mating-based split ubiquitin system (mbSUS) . However, although the S10-AtGONST1-3 9 HA-S11 sandwich fusions were highly expressed and correctly targeted, we could not validate the interaction between AtGONST1 and AtPHO1 following transient co-expression in tobacco leaves (Figure 2b ), suggesting the need for caution in the use of heterologous expression systems to interpret the plant PPI results.
Previous genetic and proteomic analyses supported a role for AtPHO2 in downregulating PHOSPHATE TRANS-PORTER TRAFFIC FACILITATOR1 (PHF1), a single-pass membrane protein mediating the exit from the ER of the plasma membrane Pi transporters (Gonz alez et al., 2005; Bayle et al., 2011) . However, the previous Y2H and BiFC assays did not confirm their physical interaction . Intriguingly, the rice homolog OsPHO2 was recently shown to interact with OsPHF1 by the rice protoplast assay (Ying et al., 2017) . With the tripartite split-GFP method, we observed the interaction of S10-AtPHF1 with AtPHO1-S11 and AtPHO2
C748A -3 9 HA-S11 (Figure 2b ), whereas the co-expression of S10-AtPHF1 with AtGONST1-S11 or S10-AtGONST1 with AtPHO2 C748A -3 9 HA-S11 only yielded minimal to undetectable fluorescence signals ( Figure 2b) . As the C-terminus of AtPHF1 presumably faces the lumen of the ER, and thus cannot interact with the cytoplasmic domain of proteins, the co-expression of AtPHF1-S11 with S10-AtPHO1 or S10-AtPHO2 C748A -3 9 HA did not show fluorescence signals (Figure 2b ). Further statistical analyses suggested that the interaction between AtPHF1 and AtPHO2 was stronger than that between AtPHF1 and AtPHO1 (Figure 2c ), be it direct or indirect.
To assess the potential of the tripartite split-GFP method in detecting PPI in other organelles, we examined the formation of AtCURT1A oligomers in plastids. In the presence of the stroma-targeting cTP-GFP1-9, the formation of AtCURT1A oligomers displayed a chloroplast localization pattern, whereas the co-expression of cTP-S10-mAt-CURT1A and the stroma-targeting cTP-S11 did not yield fluorescence signals (Figure 2d ). Taken together, we conclude that the tripartite split-GFP system is capable of reporting the authentic membrane PPIs in planta and yields no spurious signal with abundant yet physiologically non-relevant fusion proteins readily accessible to small compartments, for example the chloroplast of epidermal pavement cells.
Dual-intein-mediated bicistronic co-expression of the tripartite split-sfGFP components
Simultaneously coordinated expression of at least two of the tripartite split-sfGFP components can expedite the analysis of PPI directly in transgenic plants. For this purpose, we evaluated application of the internal ribosome entry site (IRES) by constructing a bicistronic binary vector. The 148-nucleotide IRES region upstream of the cruciferinfecting tobamovirus (TMV) coat protein (CP) gene has been successfully utilized in transient and stably transformed plant cells (Ivanov et al., 1997; Skulachev et al., 1999; Yamamoto et al., 2003; Dorokhov et al., 2006; Ali et al., 2010) . We then placed the IRES cpTMVÀ148 sequence between the S10-3 9 HA-S11 and GFP1-9 ( Figure S6a ), expecting the translation of S10-3 9 HA-S11 and GFP1-9 from a single transcript. However, the IRES-mediated expression of S10-3 9 HA-S11 and GFP1-9 under the control of the UBQ10:sXVE-inducible promoter did not give rise to a discernible fluorescence signal ( Figure S6b ). Recently, a polyprotein vector system based on the autocatalytic cleavage activity of the DI domain was demonstrated to achieve coordinated co-expression of multiple proteins in a post-translational manner . To test whether such a DI auto-processing event can successfully proceed in our tripartite split-sfGFP system, we created a b-estradiol-inducible construct with a DI domain inserted between the S10-3 9 HA-S11 b-hairpin and GFP1-9 (Figure 3a) . After the application of b-estradiol, the green fluorescence signal showed a distribution pattern comparable to the expression of free GFP (Figure 3b ), demonstrating the effectiveness of the release of GFP1-9 from the polyprotein precursor for the DI-mediated splitsfGFP complementation (Figure 3b ). To ensure that the DI-coupled tripartite split-sfGFP system is also attainable for membrane proteins, we determined the release of the C-terminal GFP from the membrane protein precursors encoding S10-GONST1-3 9 HA-S11-DI-GFP and S10-PHT5;1-3 9 HA-S11-DI-GFP. Upon induction, the expression of both constructs resulted in a cytoplasmic and nuclear pattern of green fluorescence signals that co-localized with the red fluorescence derived from the co-expression of mCherry ( Figure S7a ), which suggested successful cleavage of the C-terminal GFP. Further immunoblot analyses also showed that accumulation of the GFP derived from S10-GONST1-3 9 HA-S11-DI-GFP was more evident than that from S10-PHT5;1-3 9 HA-S11-DI-GFP ( Figure S7b) , implying that the expression of membrane proteins and the effectiveness of DI-mediated cleavage of GFP from the precursor can be influenced by the membrane POI per se.
Next, we inspected the efficacy of split-sfGFP complementation of the membrane protein sandwich fusions by DI-mediated release of GFP1-9. The S10-PHT4;6-S11 and S10-PHT5;1-S11 fusions were targeted to their expected localizations (Figure 3c ), albeit also occasionally being detected at the ER. Assuming that the event of DI-mediated self-cleavage of the membrane protein precursor could take place during the early biosynthetic pathway, we inferred that split-sfGFP complementation might have occurred before PHT4;6 and PHT5;1 sandwich fusions reached their final destinations. To further examine the potential of DI-coupled tripartite split-sfGFP in detecting membrane PPI in planta, we co-expressed PHO1-S11-DI-GFP1-9 with S10-PHO2 C748A -3 9 HA, S10-PHF1 or S10-3 9 HA. The interaction of PHO1-S11 with S10-PHO2 C748A -3 9 HA and S10-PHF1, but not with S10-3 9 HA, was manifested by fluorescence complementation (Figure 3d ), indicating the successful release of the C-terminal GFP1-9 from PHO1-S11-DI-GFP1-9. By contrast, the co-expression of GONST1-S11-DI-GFP1-9 with S10- Figure 3 . Dual-intein (DI)-mediated synchronized co-expression of the tripartite split-sfGFP components in Nicotiana benthamiana leaves.
(a) Schematic design of the S10-3 9 HA-S11 b-hairpin-DI-GFP1-9 construct. (b) Fluorescence complementation of S10-3 9 HA-S11 b-hairpin by DI-mediated auto-excision of GFP1-9. Merged images of green fluorescence and chlorophyll autofluorescence channels are shown. Scale bar = 50 lm.
(c) Autocatalytic release of the PHT4;6 and PHT5;1 membrane sandwich fusions for tripartite split-sfGFP complementation is facilitated by DI. Merged images of green fluorescence and chlorophyll autofluorescence channels are shown. Scale bar = 10 lm.
(d) Showing DI-mediated autocatalytic release of PHO1-S11 and GFP1-9 to interact with S10-PHO2 C748A for tripartite split-sfGFP complementation. Merged images of green fluorescence, chlorophyll autofluorescence and bright field channels are shown. Scale bar = 20 lm.
PHO2
C748A -3 9 HA, S10-PHF1 or S10-3 9 HA did not yield any signal (Figure 3d ). Together, these results indicated the reliability of the DI-coupled tripartite split-GFP system for detecting membrane PPIs in plant cells.
Dual-intein-coupled tripartite split-sfGFP association in transgenic plants
The use of split-intein for gene expression and protein modification in transgenic plants has been reported (Topilina and Mills, 2014; Zhang et al., 2017) . For a proof-of-concept implementation of the tripartite split-sfGFP system as a potential approach for in planta PPI screens we were prompted to assess the application of DI-coupled tripartite split-GFP association in stably transformed plants. The binary construct encoding S10-3 9 HA-S11-DI-GFP1-9 under the UBQ10:sXVE promoter was brought into Arabidopsis Col-0 wild-type plants. Using the Agrobacterium-mediated floral dip method, we generated 27 T 1 lines and germinated the T 2 seeds directly on the selection medium. The 5-day-old resistant T 2 seedlings were then transferred to freshly prepared half-strength Murashige and Skoog (MS) medium supplemented with 5 lM b-estradiol. After 24 h of induction the seedlings were mounted on glass microscope slides for analysis by confocal scanning laser microscopy.
In one-third of the independent transgenic lines obtained we observed weak to modest fluorescence signals in the cytosol and nucleus of root cells, which resembled the localization pattern of free GFP (Figure 4) . We thought that such a ratio of transformants with fluorescence complementation was reasonable, compared with the twoin-one binary vector set which harbored two independent expression cassettes on the same vector backbone and conferred only about 10% of the stably transformed Arabidopsis plants with dual expression of the FP-tagged proteins (Hecker et al., 2015) . Collectively, our study shows the functionality of the DI-coupled tripartite split-sfGFP complementation in transiently and stably transformed plant cells and suggests that tripartite split-GFP is a potential tool for membrane PPI screens in planta.
DISCUSSION
Application of the BiFC assay in planta to identify interaction of proteins with a full-length membrane bait protein with bulky split fluorescent fragments is challenging. It potentially leads to a high background noise arising from an inherent feature of BiFC -irreversible self-assembly of the two fluorescent fragments. It may also generate false negatives due to slow folding efficiency, mis-targeting or the conformation or intermolecular distance of the bulky FP halves (Horstman et al., 2014; Kudla and Bock, 2016) . In this study, we developed a DI-coupled b-estradiol-inducible split-GFP system for coordinated co-expression of the split-GFP fusion components and demonstrated its feasibility in detecting membrane PPIs in planta. This method provides several important advantages over conventional BiFC. First, the b-estradiol-inducible expression cassette enabled control of the induction of fusion proteins, so the problems of cell toxicity caused by constitutive overexpression of fusion Clear fluorescence signals indicated tripartite split-sfGFP complementation by DI-mediated synchronized co-expression of the S10-3 9 HA-S11 b-hairpin and the GFP1-9 detector in the roots of two independent T 2 #5 and #15 lines. Images of green fluorescence and bright field channels are shown. Scale bar = 20 lm.
proteins can be circumvented. Second, the effect of steric hindrance on PPI in the tripartite split-GFP system is minimized in that the size of the S10 and S11 tags is relatively small. Third, with a single DI-based binary expression vector, a precursor harboring the 'bait' and GFP1-9 can be translated into a polypeptide and self-excised for subsequent split-GFP complementation if the 'prey' protein is in the vicinity. Although the fusion orientation of each membrane protein has to be considered in the design of the DIbased expression construct, the release of the GFP1-9 fragment fused to the C-terminus of the PHO1 protein in our study was sufficient for split-GFP complementation (Figure 3d) . We cannot exclude the possibility that some residual uncleaved GFP1-9 remains fused to the membrane precursor; however, it was apparent that the uncleaved membrane PHO1-S11-DI-GFP1-9 cannot spontaneously self-assemble with S10-3 9 HA and thus yields no background ( Figure 3d ).
To further advance the suitability of the tripartite split-GFP system in stably transformed Arabidopsis plants, we generated transgenic lines expressing DI-coupled tripartite split-GFP components. The resulting fluorescence intensity was moderate compared with the transient expression in tobacco leaves. If a robust signal is desired, we suggest that split-GFP complementation can be augmented by using a stronger driving promoter or including a translation enhancer in the inducible expression cassette (Kochetov et al., 2015) . For example, the SUPERR:sXVE expression cassette was shown to be fully inducible and stronger in Arabidopsis plants compared with the UBQ10:sXVE (Schl€ ucking et al., 2013) . Nevertheless, the application of the DI-based coordinated gene expression system is an option for researchers who want to avoid the time-consuming processes of crossing or sequential transformation to obtain transgenic plants co-expressing POI and GFP1-9.
In summary, our study served as a preliminary investigation of the tripartite split-GFP system for detection of membrane PPIs in plant cells and revealed its potential for use in a membrane PPI screen in Arabidopsis mesophyll protoplasts with flow cytometry (Berendzen et al., 2012) or in transgenic plants. A recent report used a clustered regularly interspersed short palindromic repeat associated protein 9 (CRISPR/Cas9)-based approach for high-throughput GFP11 tagging of endogenous human proteins to enable the systematic study of both localization and interaction partners of the protein target (Leonetti et al., 2016) . In the future we anticipate that the identification of interaction partners of plant membrane proteins, including transporters, is attainable at a genome-wide scale either by constructing libraries of random S10/S11 tag::cDNA fusions and introducing the library en masse into Arabidopsis co-expressing S10/S11-tagged-POI and GFP1-9 by Agrobacterium-mediated transformation (Cutler et al., 2000) or by taking advantage of S10/S11 tagging of endogenous plant proteins followed by introduction of constructs carrying S10/S11-tagged-POI and GFP1-9.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
The seeds of A. thaliana ecotype Col-0 and tobacco (N. benthamiana) were surface-sterilized and germinated on half-strength MS medium + 1% sucrose for growth. Six-day-old seedlings were transplanted to the soil. The tobacco and Arabidopsis plants were grown in a growth chamber at 24°C and 22°C, respectively, with a 16-h light/8-h dark cycle. Five-day-old A. thaliana seedlings were used for microscopy analysis.
Construct design for gene expression
The sequences encoding the S10-3 9 HA-S11, GFP1-9, DI, IRES cpTMVÀ148 and cTP(CURT1A)-S10-mCURT1A-S11 fragments were commercially synthesized into the pUC57 vector and subcloned into the pGPTVII vector-based b-estradiol-inducible expression cassettes (Schl€ ucking et al., 2013) as listed in Table S1 . Apart from full-length genomic sequences of the PHO1 gene, all the insert fragments corresponding to the coding sequence of the gene of interest were amplified by polymerase chain reaction (PCR) and cloned into a pJET1.2/blunt vector for sequencing. The correct fragment was then subcloned into the desired binary vectors with the appropriate restriction enzymes as listed in Tables S2 and S3 . The PCR primer sequences are listed in Table S4 . For correct targeting of CURT1A and TPT fusions to the chloroplast, the S10 tag was inserted after the putative transit peptide (N1-62 for CURT1A; N1-89 for TPT), otherwise it was placed at the N-terminus of all the other fusion proteins. Construction of the cYFP-AtPHO2C 748A expression clone was described previously (Liu et al., 2012) .
Agrobacterium tumefaciens-mediated infiltration of N. benthamiana leaves A pre-culture of Agrobacterium tumefaciens strain EHA105 harboring the constructs of genes of interest or p19 was prepared in Luria-Bertani medium with the proper antibiotics [gentamicin (50 lg ml À1 ), rifampicin (5 lg ml
À1
) or kanamycin (50 lg ml
)] and incubated overnight with shaking at 28-30°C. A 5-ll aliquot of pre-culture was used to inoculate 10 ml of Luria-Bertani medium with the appropriate antibiotics, 10 mM MES (pH 7.5) and 20 lM acetosyringone, and the bacteria were allowed to grow overnight. After centrifugation at 3,000 9 g for 10 min at 4°C, the cell pellet was resuspended in the infiltration medium [10 mM MgCl 2 , 10 mM MES (pH 7.5), and 150 lM acetosyringone] to an OD 600 range of 0.1-0.25. The cell suspension was then left standing at 25-28°C for 2-3 h before infiltration of tobacco leaves. The infiltration medium containing the corresponding Agrobacterium strains was mixed according to an equal volume ratio and used to infiltrate the second or third true leaves of 3-4-week-old tobacco plants. Expression of sXVE constructs was induced 1 day after agroinfiltration by painting b-estradiol on the abaxial side of the leaves at a concentration range of 9.125-36.5 lM. The b-estradiol treatment was applied once daily on consecutive days.
Arabidopsis transformation
The binary plasmid encoding S10-3 9 HA-S11, DI and GFP1-9 was introduced into A. tumefaciens strain GV3101:pMP90 and selected on 5 lg ml À1 rifampicin, 10 lg ml À1 gentamycin and 50 lg ml standard procedures, and transgenic plants were selected on halfstrength MS medium supplemented with 1% sucrose plates containing 50 lg ml À1 kanamycin.
Confocal microscopy
Confocal microscopy images were acquired using Zeiss LSM 510 with Fluar 20 9 /0.75, EC Plan-Neofluar 40 9 /0.75, Plan-Apochromat 63 9 /1.40 Oil DIC, Plan-Apochromat 100 9 /1.40 Oil DIC objective lens and scanned in multi-track mode with line switching and averaging of two to four readings. Excitation/emission wavelengths of 514 nm/BP505-530, 488 nm/BP505-530 nm and 488 nm/ LP615 nm, respectively, were used for YFP, GFP and chlorophyll autofluorescence. Images were processed using Zeiss LSM Image Browser (https://www.zeiss.com/microscopy/) and GIMP software (https://www.gimp.org/).
Immunoblot analysis
For extraction of total leaf protein, a tobacco leaf was ground in liquid nitrogen and dissolved in protein lysis buffer containing 2% SDS, 60 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl (pH 8.5), 2.5% glycerol, 0.13 mM EDTA, 1 mM PMSF and Protease Inhibitor Cocktail, Plant (Amresco, VWRVM307-1ML, https://us.vwr.com/). The protein concentration was determined by the Lowry method using a Bio-Rad Dc Protein Assay (http://www.bio-rad.com/). Total leaf protein (50 or 100 lg) was loaded for each sample onto 4-12% Bis-TRIS SDS-PAGE gels (NuPAGE System; ThermoFisher Scientific, https://www.thermofisher.com/) and transferred to polyvinylidene difluoride membranes using an XCell II TM Blot Module (ThermoFisher Scientific). The membrane was blocked with 1% BSA in 1 9 PBS solution with 0.2% Tween 20 (PBST, pH 7.2) at room temperature for 30 min and hybridized with anti-GFP antibody (LSBio, LS-C51736; https://www.lsbio.com/) in 1 9 PBST for 1 h. The membrane was washed three times with 1 9 PBST for 5 min followed by hybridization with horseradish peroxidaseconjugated secondary antibody (GeneTex, GTX213110-01, http:// www.genetex.com/) in 1 9 PBST for 1 h. After three washes in 1 9 PBST for 5 min and one rinse with distilled water, chemiluminescent substrates (Advansta, WesternBright ECL; https://advansta.com/) for signal detection were applied.
Chemical treatments
b-Estradiol (36.5 mM; Sigma-Aldrich E2758; http://www.sigmaald rich.com/) and acetosyringone (150 mM; Sigma-Aldrich D134406) stock solutions were prepared in ethanol and dimethyl sulfoxide (DMSO), respectively. For the medium containing b-estradiol, the stock (100 mM) was prepared in DMSO.
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